. Bifurcated Aplysia Sensory Neurons Form Synapses with Two Spatially Separated L7 Motor Neurons in Culture (A) Bifurcated sensory neurons were plated to make connections with two spatially separated L7 motor neurons. (B) Immunoreactivity for sensorin, the peptide neurotransmitter specific to sensory neurons, indicates that the bifurcated neurons are indeed sensory neurons. (C) The EPSPs formed by the sensory cell onto each motor neuron did not change in amplitude between days 5 and 6 in untreated cultures, indicating that the synaptic connection formed between the sensory cell and each of the motor neurons was stable during this time. Bath application of five spaced pulses of serotonin caused an increase in the amplitude of the EPSPs recorded in both motor neurons 24 hr later, indicating that these synapses can undergo serotonin-induced long-term facilitation (*p Ͻ 0.01, change in EPSP amplitude in serotonin-treated versus untreated cultures, Student's t-test). Shown are representative recordings of EPSPs and a histogram of the mean change in EPSP amplitude Ϯ SE. Scale bar in A and B is 100 m. Abbreviations: SN, sensory neuron; L7, motor neuron; mn, motor neuron.
kinase, which leads to CREB1-mediated transcription, Results derepression of the transcription factor CREB2, and the Single Sensory Neurons Show Branch-Specific induction of a set of immediate-early genes, including Long-Term Facilitation C/EBP and C-terminal ubiquitin hydrolase (Dash et al., The standard Aplysia sensory to motor neuron culture 1990; Alberini et al., 1994; Bartsch et al., 1995;  Hegde system consists of one or two sensory neurons making et al., 1997; . In addition, long-term synaptic contact with a single postsynaptic target neufacilitation involves the growth of new synaptic connecron (Rayport and Schacher, 1986) . To establish a system tions Chen, 1983, 1988) .
for exploring the elementary mechanisms of synapse We have modified the standard Aplysia sensoryspecificity, we modified the traditional system by plating motor culture system by plating a single bifurcated sena single bifurcated sensory neuron and having it make sory neuron in culture with two spatially separated folsynaptic contact with two spatially separated motor lower motor neurons to determine whether a single neurons ( Figure 1A ). We found that 1%-5% of the senneuron can undergo synaptic plasticity that is both desory neurons in the pleural ganglion sensory cell cluster pendent on transcription and branch-specific, and to contained bifurcated axonal processes; we verified that explore the molecular mechanisms underlying this specthese were truly sensory neurons by showing that they ificity. Using perfusion microelectrodes, we applied sewere immunoreactive for sensorin, the peptide neurorotonin selectively to the synapses made onto one motor transmitter specific to sensory cells ( Figure 1B ). Simultaneuron and not the other. With this system, we have neous recording of the excitatory postsynaptic potenfound that a single cell can undergo long-lasting synaptials (EPSPs) evoked in the two motor neurons by tic plasticity that is both branch-specific and dependent extracellular stimulation of the single sensory neuron on CREB-mediated transcription. This branch-specific revealed that the cells formed synapses in culture and long-term facilitation is dependent on local translation that these synapses were stable between days 5 and 6 of synaptically localized mRNAs in the presynaptic, but in vitro ( Figure 1C ). Notably, synaptic connections are not the postsynaptic, cell. We therefore examined proonly formed between the sensory and motor neurons; tein synthesis in the presynaptic axons deprived of their sensory cells do not synapse with other sensory cells, cell bodies and found that basal protein synthesis was nor do motor neurons form synapses with one another stimulated 3-fold by exposure to serotonin. In contrast (Rayport and Schacher, 1986; Glanzman et al., 1989) . to the initial establishment of branch-specific long-term While we use the EPSP as a measure of the effectiveness facilitation, synapse capture-the ability to recruit the of the synapse formed between the sensory and motor long-term process at a second branch after it has been neuron, the synaptic connection is actually composed established at another branch in the same cell-does of multiple morphologically discrete synaptic boutons or varicosities made by the sensory cell onto the motor not require local protein synthesis.
cell; the EPSP therefore reflects the activity of a population of individual synaptic contacts.
As has previously been shown for the standard Aplysia sensory-motor culture (Montarolo et al., 1986) , five brief, spaced applications of serotonin in the bath produced a comparable facilitation of the EPSP at both synapses ( Figure 1C ). In the animal, serotonergic interneurons form synapses onto the sensory cell presynaptic terminal, and the release of serotonin from these interneurons produces facilitation of the sensory-motor neuron synapse. To mimic this geometry, we used perfusion microelectrodes to apply serotonin locally onto the synapses made by only one branch of the sensory cell onto one motor neuron. Bulk flow of the perfusate protected the synapses formed onto the second motor neuron from exposure to the serotonin (see Figure 2A) . To visualize the perfusion, a dye (0.05% fast green) was included in the serotonin solution. Very low pressure (approximately 1 lb/in 2 ) was used to deliver the serotonin, and the bulk flow was adjusted such that the serotonin produced a cloud that covered much of the initial axon segment. Since the initial segment is where most synapses made by the sensory neurons on the motor neurons are found (Glanzman et al., 1990; Bailey et al., 1992) , the serotonin perfusion most likely affected many of these synapses, as well as the distal segment of the sensory neuron branch. The serotonin perfusion did not, however, contact the proximal axon or the cell body of the sensory cell.
Local application of a single, transient pulse of serotonin onto one set of synaptic connections produced a facilitation of 61.8 Ϯ 11.2% at that connection (n ϭ 11) when the EPSP was measured 10 min after serotonin application ( Figure 2B ). A single application of serotonin to the synapse did not produce changes in excitability in the sensory cell body (data not shown), indicating that the serotonin application was indeed local. The facilitation following one pulse was transient and did not persist: 24 hr later, the EPSP amplitude was Ϫ10.3 ϩ 7.1 % (n ϭ 8). By contrast, the contralateral synapse that was not exposed to serotonin showed neither shortterm nor long-term facilitation (ϩ9.2 Ϯ 7.4% change in mean EPSP amplitude 10 min after 5-HT application, and Ϫ9.4 Ϯ 7.3% change at 24 hr, n ϭ 11). Thus, one local application of 5-HT produced synapse-specific short-term facilitation, as has previously been demon- (Clark and Kandel, 1984) .
(A) Serotonin was applied locally to the synaptic connections formed To examine long-term facilitation, we applied five onto one motor neuron using a perfusion microelectrode. Bulk flow of the perfusate prevented the cell body of the sensory neuron or spaced pulses of serotonin to one of the branches. The the synaptic connections made onto the other motor neuron from treated branch showed long-term facilitation: when being exposed to the serotonin. A dye (0.05% fast green) was inmeasured 24 hr later, repeated serotonin application cluded to visualize the serotonin perfusion.
was found to increase the mean EPSP amplitude of the (B) Application of a single pulse of serotonin increased the amplitude treated synapse by 122.3 Ϯ 22.1% (n ϭ 18, Figure 2B) of the EPSP at the serotonin-treated branch 10 min after serotonin without having any effect on the untreated synapse application without changing the EPSP at the untreated branch (*p Ͻ 0.05, change in EPSP amplitude in serotonin-treated versus (mean change in EPSP amplitude of Ϫ7.4 Ϯ 2.8%, n ϭ untreated branch, Student's t-test). This facilitation was transient: 18). A single presynaptic cell thus can undergo long there was no increase in the EPSP at 24 hr at either the serotonin lasting facilitation that is branch-specific.
or the untreated branch. In contrast, local perfusion of five spaced pulses of serotonin onto one set of synapses produced long-term facilitation of the EPSP at the serotonin-treated branch without any change at the untreated branch (**p Ͻ 0.01, change in EPSP amplinot change the EPSP at the perfused or the nonperfused branch. tude in serotonin-treated versus untreated branch, Student's t-test).
Shown are representative recordings of EPSPs and a histogram of In control experiments, perfusion of the dye alone (fast green) did the mean change in EPSP amplitude Ϯ SE.
cell and found that they blocked synapse long-term facilitation (mean change in EPSP amplitude at 24 hr of 9.4 Ϯ 16.5% in the 5-HT-treated branch and 25.9 Ϯ 21.3% in the untreated branch, n ϭ 7 each), whereas injection of preimmune serum had no effect (mean change in EPSP amplitude at 24 hr of 105.1 Ϯ 31.4% in the 5-HT-treated branch and Ϫ33.3 Ϯ 39.3% in the untreated branch, n ϭ 3 each, Figure 3 ). Taken together, these findings indicate that a single cell can undergo synaptic plasticity that is both synapse-specific and dependent on transcription, and that this transcription is specifically mediated by CREB.
Branch-Specific Long-Term Facilitation Involves the Growth of New Synapses
One of the hallmarks of long-term facilitation is that it involves the growth of new synapses, which can be visualized in culture by light microscopic imaging of carboxyfluorescein-injected sensory neurons. When our cultures were imaged before and after serotonin treatment using a blind protocol, we found that only the branch that had received five applications of serotonin displayed evidence of synaptic growth (Figure 4 ). The branches treated with 5-HT underwent a mean change in EPSP amplitude of 141.5 Ϯ 52.3% and had a mean increase in varicosity number of 106.2 Ϯ 31.8 (n ϭ 6).
The untreated branch had a mean change in EPSP amplitude of Ϫ11.7 Ϯ 12.6% and a mean change in varicosity number of 2.3 Ϯ 2.3 (n ϭ 6). Thus, both physiological and structural changes underlying branch-specific longterm facilitation (both of which are long lasting) are synapse-specific. ( Scheller et al., 1982; Garner et al., 1988; Brunet et al., 1991; Mayford et al., 1996; Van Minnen et al., 1997; for review, see Steward, 1997) . Second, an intermediate Branch-Specific Facilitation Requires Transcription Mediated by CREB form of synaptic facilitation, which is dependent on translation and not on transcription, has been described To test whether this branch-specific facilitation is dependent on transcription, and thus on the nucleus, we in Aplysia sensory to motor neurons (Ghirardi et al., 1995) . bath-applied actinomycin D, an inhibitor of transcription, and found that this blocked long-term synapse-specific To test whether local protein synthesis was required for synapse-specific long-term facilitation, we applied facilitation (mean change in EPSP at 24 hr of Ϫ8.3 Ϯ 11.7% in the 5-HT treated branch and ϩ7.2 Ϯ 13.2% the protein synthesis inhibitor emetine (100 M) at the synapse for 20 min prior to, during, and 20 min after the in untreated branch, n ϭ 4 each, Figure 3 ). Long-term facilitation in the traditional Aplysia sensory to motor application of five pulses of serotonin. To control for the spatial restriction of locally applied emetine and to culture system requires transcription that is mediated specifically by CREB. To test the role of CREB in synassure that it does not spread to the cell body, we applied emetine at one branch and serotonin at the apse-specific long-term facilitation, we microinjected anti-CREB antibodies into the cell body of the sensory other. To control for the effect of emetine alone, we Carboxyfluorescein-filled sensory neurons were imaged at the region of contact with the axon hillock of the L7 motor neuron. Five pulses of serotonin were locally perfused onto one of the sets of synaptic connections by a separate individual. 24 hr later, the EPSPs were again recorded, and the sensory neuron was injected with carboxyfluorescein and imaged at the same region of contact with the axon hillock of the L7 motor neuron. The number of varicosities was counted using a blind procedure. applied emetine in the absence of serotonin. When emeOur perfusion system does not allow us to discrimitine was applied to one set of synaptic connections and nate between a pre-or postsynaptic requirement for serotonin to the other, the serotonin-treated synapse local protein synthesis. We therefore injected the memunderwent normal synapse-specific facilitation (mean brane-impermeant protein synthesis inhibitor gelonin change in EPSP amplitude at 24 hr of 123.8 Ϯ 48.9%, (Stirpe et al., 1980) into the pre-or postsynaptic neuron n ϭ 5) and the emetine-treated synapse remained stable prior to local serotonin application. Gelonin has pre-(mean change in EPSP amplitude at 24 hr of Ϫ15.9 Ϯ viously been found to inhibit protein synthesis in Aplysia 10%, n ϭ 5, Figure 5 ). By contrast, inhibition of protein neurons (Trudeau and Castellucci, 1995) . Whereas presynthesis at the branch receiving serotonin blocked synaptic injection of gelonin completely blocked synbranch-specific long-term facilitation: the mean change apse-specific long-term facilitation (mean change in in EPSP amplitude at 24 hr at the branch receiving both EPSP amplitude at 24 hr of Ϫ5.8 Ϯ 25.6% in the serotoserotonin and emetine was 2.7 Ϯ 6.4% (n ϭ 7) while nin-treated branch and Ϫ2.3 Ϯ 12.8% in the untreated that in the untreated branch was Ϫ1.2 Ϯ 13.5% (n ϭ 7, branch, n ϭ 4 each), postsynaptic gelonin injection had Figure 5 ). This indicates that local protein synthesis was no effect (mean change in EPSP amplitude at 24 hr of required for the establishment of branch-specific long-84.6 Ϯ 14.5% in the serotonin-treated branch and Ϫ7 Ϯ term facilitation. Emetine alone had no effect on the 7.7% in the untreated branch, n ϭ 5 each, Figure 5 ). synaptic connection ( Figure 5 ). Inhibition of synapseThus, local protein synthesis appears to be required in specific long-term facilitation was also obtained with the presynaptic sensory neuron but not in the postsynlocal application of the protein synthesis inhibitors aniaptic motor neuron. somycin (100 M) and cycloheximide (30 M) (data not shown). Emetine application had no effect on short-term Translation Can Be Induced in Isolated Presynaptic synapse-specific facilitation: the mean change in EPSP Sensory Cell Neurites by 5-HT amplitude 10 min after one pulse of serotonin to a branch To test directly the ability of the neurites of the presynapalso receiving emetine for 20 min before, during, and tic sensory neurons to synthesize proteins, we cultured 20 min after the serotonin treatment was 44.9 Ϯ 10.8% (n ϭ 3).
Branch-Specific Facilitation Requires Local Protein
30-40 sensory cells in a dish, cut off their cell bodies, The cell The protein synthesis inhibitor emetine (100 M) was perfused lobody of each neuron was removed and the processes were labeled cally for 20 min prior to, during, and 20 min after local perfusion of with 25 S methionine. Emetine (200 M) and chloramphenicol (100 five pulses of serotonin. When emetine and serotonin were applied M) were present for 30 min prior to and during the metabolic at opposite branches, the serotonin-treated branch underwent longlabeling, and serotonin (10 M) was present during the metabolic term facilitation. When emetine was applied at the same branch as labeling. The cells were then TCA precipitated, and the TCA insoluserotonin, synapse specific long-term facilitation was blocked (*p Ͻ ble counts were counted on a scintillation counter. Total cpm were .05, emetine plus serotonin at same branch versus emetine and divided by the number of cells in each dish. Shown is a histogram of serotonin on opposite branches, Student's t-test). In control experithe mean counts plus SE, normalized to the counts in the untreated ments, emetine alone was applied to one branch, without any treatdishes. The mean cpm/untreated cell was 5.922 Ϯ 1.541. *p Ͻ .05, ment of the other branch, and did not have any effect on the EPSP serotonin treated versus untreated processes; **p Ͻ .01, emetine amplitude. To differentiate between a requirement for protein syntreated versus untreated and chloramphenicol treated processes, thesis in the pre-or postsynaptic neuron, the protein synthesis ANOVA followed by Neuman-Keul's multiple range test. inhibitor gelonin (25 M) was injected into either the presynaptic sensory neuron or the postsynaptic motor neuron 1 hr prior to local application of five pulses of serotonin. Whereas synapse specific long-term facilitation was completely blocked by presynaptic injec-(200 M, Figure 6 ). By contrast, the mitochondrial protion of gelonin, postsynaptic injection had no effect. *p Ͻ .05, gelonin tein synthesis inhibitor chloramphenicol (100 M) had presynaptic plus serotonin, versus gelonin postsynaptic plus seroto- counts 3-fold, and this serotonin-induced translation was also inhibited by the protein synthesis inhibitor allowed them to rest for 1-2 hr, and carefully washed emetine. These metabolic labeling experiments provide the dishes. We confirmed that no glia or neuronal cell strong evidence that the presynaptic sensory cell prosomata were present by examination with a dissecting cesses are capable of protein synthesis. microscope and then incubated the processes with 35 Smethionine ( Figure 6 ). We then TCA-precipitated the cell processes and counted the incorporation of the labeled Unlike the Initial Establishment of Synapse-Specific Long-Term Facilitation, Synaptic Capture Does methionine into protein. We found that sensory cell processes were able to synthesize TCA-precipitable 35 
SNot Require Local Protein Synthesis
In their experiments, Frey and Morris (1997) examined methionine-labeled proteins and that this synthesis was inhibited 67% by the protein synthesis inhibitor emetine synaptic tagging using a protocol based on synaptic capture. Their protocol involved the induction of longlasting LTP at one pathway, followed by a weaker stimulus that usually produces transient LTP at a second pathway. If given within a 3 hr time window, the weaker stimulus produced long-lasting LTP at the second pathway. In contrast to our findings in synapse-specific facilitation, the synaptic capture they examined was protein synthesis independent. We performed a similar synaptic capture experiment in our system by giving a single application of serotonin to one synapse, which produces only transient, short-term facilitation (see Figure 2) , immediately following five pulses of serotonin to the other synapse, and we found that this protocol produced longlasting facilitation at both branches (mean change in EPSP amplitude at 24 hr of 121 Ϯ 50% in the branch receiving five pulses of 5-HT and 69 Ϯ 23% in the branch receiving one pulse of serotonin, n ϭ 5 each, Figure 7) . Thus, as in the Frey and Morris experiments (1997), a single pulse of serotonin appeared to mark the second set of synapses so that they could capture the products of gene expression induced by five pulses of serotonin at the first set of synapses. Notably, the amplitude of the facilitation produced at the synapse receiving a single pulse of serotonin was consistently lower than that produced at the synapse receiving five pulses, although this difference was not statistically significant. To determine whether synaptic capture was also dependent on local translation, we locally perfused the protein synthesis inhibitor emetine onto the second branch 20 min prior to, during, and 20 min following the single application of serotonin. Inhibition of protein synthesis did not block long-term facilitation at the second branch (Figure 7 ): the mean change in EPSP amplitude at 24 hr was 120.7 Ϯ 48.1% in the branch receiving five pulses of 5-HT, and 61 Ϯ 16.5% in the branch receiving one pulse of serotonin and emetine (n ϭ 5). Thus, unlike the establishment of synapse-specific long-term facilitation at a primary site, the capture of long-term 
Discussion
neurons and by restricting the application of serotonin to the connections made onto only one of these target The requirement for transcription during long-lasting forms of synaptic plasticity has raised the question of neurons, we have found that a single presynaptic cell is able to undergo plasticity that is synapse-specific. whether the critical cellular unit of synaptic plasticity is the cell and its nucleus or the synapse. If it is the synIn a parallel study, Greg Clark and colleagues have also found-much as we have seen in dissociated cell apse, then there must be a set of mechanisms that allows the products of gene expression to alter synaptic culture-that a single sensory neuron in the intact Aplysia ganglion can undergo synapse-specific longstrength at some synapses independently of others made by the same cell. By culturing a single, bifurcated term facilitation (G. Clark, personal communication). The establishment of synapse-specific long-term facilitation presynaptic neuron with two spatially separated target is dependent both on transcription and local protein A New Class of Synaptic Actions: Synaptic Regulation of Local Protein Synthesis synthesis. By contrast, capture of this long-term process at a second site does not require local protein
The finding that translation is activated by repeated application of 5-HT to neuronal processes adds one more synthesis.
dimension to the three known signaling functions that conventional synaptic transmitters are capable of initiat-A Function for Local Protein Synthesis: Establishing Synapse-Specific Long-Term Facilitation ing. In 1951, Fatt and Katz first described the properties of ionotropic receptors that produce fast synaptic acOur studies provide evidence for a specific role for local protein synthesis in the establishment of synapse-spetions lasting milliseconds by regulating ion flux directly through conformational changes in transmitter-gated cific synaptic plasticity. Although it has long been known that there are mRNAs and ribosomes in dendrites and ion channels (Fatt and Katz, 1951) . In the 1960's, Sutherland and Greengard and their colleagues described a specifically at the base of dendritic spines (for review, see Steward, 1997 ), the precise function of this protein second class of receptors that activate second messenger pathways and produce slow synaptic activity lasting synthesis machinery was not known. More recently, several groups have found that the mRNAs in these distal minutes mediated by covalent modification of ion channels and other target proteins (Robison et al., 1968 ; processes can actually be translated (Feig and Lipton, 1993; Weiler and Greenough, 1993; Crino and Eberwine, Nestler and Greengard, 1984) . In the 1980's, a third type of even more persistent synaptic actions lasting days 1996; Crispino et al., 1997; for review, see Steward, 1997) . This finding led to the suggestion that the local was characterized, whereby repeated applications of a transmitter lead to the translocation of a second mestranslation of these mRNAs might somehow be involved in synaptic plasticity (Steward, 1997; Schuman, 1997) .
senger kinase to the nucleus, where it activates a cascade of gene actions and leads to the growth of new Consistent with this suggestion, recent studies by Kang and Schuman (1996) demonstrated that application of synaptic connection, a persistent synaptic action lasting days (Montarolo et al., 1986) . The data we present BDNF or NT-3 to hippocampal slices caused a rapid, long-lasting synaptic potentiation and that brief prehere describes a novel, fourth function mediated by chemical transmitters: the regulation of local protein treatment of slices with a protein synthesis inhibitor blocked this potentiation. The immediate dependence synthesis to establish synapse-specific changes in synaptic strength. of this neurotrophin-induced potentiation on protein synthesis suggested local rather than somatic synthesis, and this was confirmed by showing that the potentia-
The Initial Establishment of Synapse-Specific Long-Term Facilitation Differs from Synaptic tion occurred in slices in which the cell bodies had been severed from their processes.
Capture in Requiring Local Protein Synthesis
Our data indicate that the establishment of synapseThe regulation of translation offers specific advantages as a mechanism for regulating protein expresspecific long-term plasticity requires two separate events: first, the generation of a retrograde signal to recruit transion-it allows rapid responses to external stimuli without requiring pathways for retrograde signaling to the scription in the nucleus, and second, the marking of the synapse to recruit the products of gene expression back nucleus, mRNA synthesis, and return anterograde transport from the nucleus to the synapse. Rapid response to that synapse and not to other synapses made by the same cell. In contrast, synaptic capture does not require is crucial in neurons, where distances between synapse and nucleus can be extremely large. Local, regulated retrograde signaling to initiate transcription in the nucleus, but rather simply the marking of the synapse so translation of dendritic mRNAs would allow a neuron to alter rapidly the synaptic efficacy and even the local that the products of gene expression are used to alter synaptic strength at that synapse. The finding that synstructure of individual, specifically stimulated synaptic sites.
apse-specific long-term facilitation requires protein synthesis while the capture of the long-term process at the Our experiments indicate that in Aplysia, local protein synthesis is specifically required in the presynaptic sensecond site does not indicates that these two processes are mechanistically distinct. sory neuron process, a finding that is consistent with the presence of various mRNAs in the processes of What is the protein synthesis-dependent step that distinguishes synapse-specific facilitation from capAplysia neurons (Scheller et al., 1982; Brunet et al., 1991) . This appears inconsistent with the mammalian ture? One possibility is that proteins synthesized locally contribute to the retrograde signal that goes back to the case, where mRNAs and ribosomes are located primarily in dendrites (Steward, 1997). However, unlike vertebrate nucleus to recruit transcription. That synaptic capture is blocked if emetine is applied to the branch receiving neurons, invertebrate neurons are not polarized into axons and dendrites, but transmissive and receptive five pulses of serotonin but is not blocked by emetine applied to the branch receiving a single pulse of serotosurfaces can be found adjacent to one another in any process. Furthermore, while the sensory neuron is prenin, is consistent with this possibility (Figure 6 ). Another possibility is that local protein synthesis actually is resynaptic to the motor cell in Aplysia, it is in fact "postsynaptic" to the serotonin-containing perfusion pipette, just quired to mark a synapse when the stimulus precedes the nuclear events. This could occur in one of two ways. as it is postsynaptic to serotonergic interneurons in the animal (see Figure 8) . Thus, regulated protein synthesis First, the mechanism used to mark the initially stimulated synapse may be distinct from that used to mark synin Aplysia sensory neuron processes may occur at postsynaptic sites that are analogous to the dendritic spines apses during synaptic capture. Alternatively, it is possible that there are constitutive inhibitory constraints on of vertebrate neurons. Five pulses of 5HT trigger protein synthesis in the terminals of Aplysia sensory neurons, indicating that local protein synthesis is regulated in the presynaptic cell. However, although the sensory neuron is presynaptic to the motor neuron, it is in fact postsynaptic to the serotonergic interneuron. Furthermore, invertebrate neurons are not polarized, and receptive and transmissive surfaces exist adjacent to one another. In contrast, vertebrate neurons are rigidly polarized into receptive domains (dendrites) and transmissive domains (axons). As ribosomes and mRNAs are found primarily in dendrites (frequently in dendritic spines), it is likely that local protein synthesis is regulated in the postsynaptic cell in vertebrates.
growth as there are on transcription and that multiple is applied to the cell body of sensory neurons in the pulses of serotonin and local protein synthesis are reganglion (Clark and Kandel, 1993; Emptage and Carew, quired to relieve these inhibitory constraints. If the relief 1993). Similarly, we have found in our culture system is cell-wide, then the neuron might undergo a period of that application of serotonin to the cell body also protime during which it is primed for long-lasting synaptic duces long-term facilitation at both branches (unpubplasticity. During this time, synapse-specific local prolished data). On the other hand, while application of tein synthesis would not be required, and a single pulse serotonin to specific branches produces branch-speof serotonin would be sufficient to mark a synapse for cific long-term facilitation, it is possible that serotonin long-lasting modulation.
application to individual boutons might produce boutonOne of the remarkable insights to emerge from the specific plasticity within a single branch. In fact, it now recent attempts to relate synaptic plasticity to memory becomes conceivable that synapses can undergo sepastorage is the delineation of the various ways in which rate phases of long-term facilitation that require only the total synaptic output of a single neuron can be modutranslation and not transcription. Finally, it may be possilated. The opportunity to examine single bifurcating neuble for some terminals of a neuron to be facilitated while rons has allowed us to expand investigation of the plasothers are depressed. tic possibilities of neurons by seeing the degree to which different synaptic terminals of the same cell can be spe-
Experimental Procedures
cifically and locally modulated. The difference between synaptic tagging and synaptic capture illustrates that Aplysia Cell Culture there will likely be multiple ways to modulate synaptic Culture dishes and medium were prepared as previously described strength at different sites within a single neuron and (Schacher and Proshansky, 1983; Montarolo et al., 1986) . To prepare that different signaling pathways may be recruited and the cultures, the abdominal ganglion was removed from 0.9-1.5 g combined to produce enduring changes. At one exjuvenile Aplysia and incubated in Type IX protease (10 mg/ml, Sigma) treme, previous studies have shown that long-term facilfor 1 hr 40 min at 34.5ЊC. The pedal-pleural ganglia were removed from 80-100 g Aplysia and incubated in Type IX protease (10 mg/ itation can occur in a cell-wide manner when serotonin ml, Sigma) for 1 hr 50 min at 34.5ЊC. Two L7 motor neurons were was applied to the branch opposite that receiving five pulses of serotonin, or when it was given alone, it was applied for 90 min. It identified in the abdominal ganglia, removed using sharp glass electrodes as previously described (Schacher and Proshansky, 1983) , is worth noting that, while all three inhibitors blocked synapsespecific long-term facilitation when given with 5-HT to the same and plated in a culture dish at a distance of approximately 1 mm from one another. Bifurcated sensory neurons were then removed branch, anisomycin given at the opposite branch or anisomycin given alone also produced a long-term increase in the EPSP amplifrom the pleural ganglion using sharp glass electrodes. Approximately 1%-5% of sensory neurons were found to be bifurcated, tude. We believe that this may be due to the ability of anisomycin to activate the MAP kinase pathway (Zinck et al., 1995) and are and the majority of these were found at the periphery of the cluster. Sensory neurons were removed, and when a bifurcated neuron was currently investigating this possibility. Gelonin (25 M), anti-CREB antibodies (described in Bartsch et found, it was transferred to the culture dish containing the two L7 motor neurons. The two axons of the sensory cell were carefully al., 1995), and preimmune serum were diluted in 0.5 M potassium chloride, 10 M Tris (pH 7.6) and injected into sensory or motor teased apart using glass microelectrodes, and the distal end of one axonal branch was brought into contact with the initial axon segment neurons with microinjection electrodes (15-20 M⍀) using brief pressure pulses. All microinjections were done 1 hr prior to serotonin of one motor neuron, while the distal end of the other axonal branch was brought into contact with the initial axon segment of the other treatment.
All data are presented as mean percentage change Ϯ SEM in the motor neuron. Cultures were left on the microscope stage overnight and then transferred to an 18ЊC incubator.
EPSP amplitude measured after treatment, as compared with its initial pretreatment amplitude. The significance of the EPSP changes was determined using either an unpaired Student's t-test or a oneElectrophysiology way analysis of variance and Newman-Keuls multiple range test, as After five days in culture, the strength of the synaptic connection specified in the figure legends. between the sensory neuron and each of the motor neurons was tested. Each motor cell was impaled with a recording microelectrode (8-10 m⍀) containing 2.5 M KCl and held at a potential of Ϫ30 mV Immunocytochemistry below its resting potential. EPSPs were evoked in both L7 motor Immunocytochemistry of cultured Aplysia neurons was performed neurons by stimulating the sensory cell with a brief depolarizing as previously described . Affinity-purified rabbit pulse using an extracellular microelectrode. The EPSPs were reantisensor in antibodies (described in Brunet et al., 1991) were dicorded on two channels of a 4-channel tape recorder (Raclan) and luted 1:100 (approximately 10 g/ml). printed on a chart recorder. The mean initial EPSP amplitude on day 5 in untreated cultures was 11.8 Ϯ 2.2 mV. There was no significant difference in the initial EPSP amplitude between treated and unDye Injection, Cell Imaging, and Quantification treated branches; for example, in Figure 2 , the initial EPSP amplitude of Structural Changes of untreated branches was 7.7 Ϯ 1.7 mV, and the initial EPSP ampliDye injection, imaging, and analysis were done as previously detude of the treated branch was 9.1 Ϯ 1.8 mV. Cultures in which the scribed (Bartsch et al., 1995) . initial EPSP amplitude was less than 4 mV were not used. When the posttreatment EPSP was a spike, a value of 60 mV was used for quantitation.
Metabolic Labeling
Thirty to forty sensory neurons (with single axons) were plated in a Bath application of serotonin was done as previously described (Montarolo et al., 1986) . To produce synapse specific short-term culture dish. On day 4 or 5, the number of cells was counted, and the cell body of each neuron was removed by cutting at a distance facilitation, 100 M 5HT (Sigma) in L15 containing 0.05% fast green was applied to the contact made by one sensory neuron branch of approximately 50 microns distal to the cell soma/initial axon junction using a glass microelectrode. The cell bodies were removed onto one L7 motor neuron using a perfusion microelectrode (approximately 1 M⍀ resistance). Very low pressure (approximately 1 lb/in 2 ) by aspiration. There were no obvious qualitative differences in the extent of process outgrowth between cells or between dishes. The was applied using a picospritzer (World Precision Instruments) and five 5 s pulses were delivered at 10 s intervals. The bath was percultures were allowed to rest for 1-2 hr at 18ЊC and then washed gently several times with methionine-free medium (made using MEM fused with 50% L15/50% artifical sea water (Instant Ocean) at a rate of approximately 0.5 ml/min. The serotonin and bath perfusions select-amine kit from Gibco and supplemented with salts as previously described; Schacher and Proshansky, 1983) . After a 1 hr were adjusted such that a cloud of serotonin (visualized by the fast green) covered much of the L7 motor neuron initial axon section incubation in methionine-free medium at 1ЊC, 50 Ci of 35 S-labeled methionine (Dupont-NEN, specific activity of Ͼ1000 mCi/mol) were without contacting the sensory cell body or the synapse made onto the other motor neuron. To produce synapse-specific long-term added to the dish and incubated for 1 hr at 18ЊC. The cultures were then gently washed with artificial sea water (Instant Ocean), placed facilitation, five separate episodes of 5-HT perfusion (each episode consisting of five 5 s pulses at 10 s intervals) were given at 10 min on ice, and TCA precipitated. To do this, all but 100 l of artificial sea water was removed from the dish, 100 l of 50% ice-cold TCA intervals. Thus, the total number of pulses was 25, the total time of perfusion was 2 min 5 sec, and the total time of treatment (including was added, and the dishes were incubated on ice for 1 hr. Cells were scraped off the dish, rinsed twice with 25% TCA, and spotted 5-HT application and inter-5-HT intervals) was 45 min 25 sec. To produce synaptic capture, five episodes of 5-HT application were onto Whatman GF-C filter paper in a vacuum manifold. The filters were washed with 5% TCA in the vacuum manifold, air dried, and applied to one synaptic connection, then immediately after the end of the last 5HT pulse, the serotonin perfusion electrode was moved counted on a liquid scintillation counter (United Technologies Packard). The total number of cpm was divided by the number of cells to the second synaptic connection, where a single episode of 5-HT was given. After serotonin perfusion, all cultures were incubated in in each dish to obtain a value for the TCA-insoluble counts per cell.
To normalize for differences in the incorporation of radioactive label normal culture medium (50% L15/50% hemolymph). To measure long-term facilitation, EPSPs were recorded in both L7 motor neufrom experiment to experiment, results were normalized to the mean cpm/cell in untreated control dishes. In each experiment, there were rons 24 hr after 5-HT treatment.
In experiments using actinomycin D, the drug was included in the 2-3 dishes per condition. The mean cpm per untreated dish did not vary more than 30% within an individual experiment, the mean value perfusion medium at a concentration of 50 g/ml for 30 min before, during, and 30 min after serotonin treatment. In experiments in which for cpm per untreated dish for all experiments was 209,200 Ϯ 55,241 cpm, and the mean value for cpm per untreated cell for all experiprotein synthesis inhibitors were applied locally, emetine (100 M), anisomycin (10 M), or cycloheximide (30 M) were applied to the ments was 5,922 Ϯ 1,541 cpm. The significance of the differences in cpm per cell was determined by a one-way analysis of variance indicated synaptic connection using a second perfusion microelectrode connected to a second picospritzer. The inhibitors were diand Newman-Keuls multiple range test performed separately on the untreated, emetine-and chloramphenicol-treated samples, and luted in 0.05% fast green in L15 and were continuously delivered using very low pressure (Ͻ1 lb/in 2 ) for 20 min before, during, and 20 on the untreated, serotonin-treated and serotonin-plus-emetinetreated samples. min after serotonin application. When the protein synthesis inhibitor
